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1. ABSTRACT 
 

The conformational conversion of the cellular 
prion protein, PrPC, to the misfolded isoform PrPSc is the 
central pathogenic event in the uniquely transmissible 
neurodegenerative prion diseases. As both PrPC and PrPSc 
are associated with membranes, the nature of the membrane 
microenvironment may well play a significant role in both 
the conformational conversion process as well as the 
normal functions of PrPC. Within the membrane are various 
microdomains, areas of distinct lipid and protein 
composition, the best studied of which are the cholesterol- 
and sphingolipid-rich lipid rafts. These domains are 
characterized biochemically by their relative resistance to 
solubilization in certain detergents at low temperature. In 
this article we review the evidence for the involvement of 
lipid rafts in the localization and trafficking of PrPC, in the 
cellular signaling, neuroprotective and metal binding 
functions of PrPC, and as sites for the conversion of PrPC to 
PrPSc and in cell-to-cell prion transmission.   

 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 

The cellular prion protein, PrPC, is a ubiquitously 
transcribed and expressed glycoprotein, found most abundantly 
in neuronal tissue (1-3), and localized predominantly at the cell 
surface (4).  The primary physiological function of PrPC has 
not yet been defined, although interestingly prion proteins from 
different mammalian species show high sequence identity (5), 
with many features conserved (6-10) (see Figure 1), implying 
the evolutionary and biological importance of this protein. 
Experimental evidence, particularly that pertaining to structural 
features of the prion protein, its subcellular localization and 
various binding partners, points to possible roles in cell 
signaling, neuroprotection and copper transport, amongst 
others. These aspects of prion protein biology and the 
significance of the localization of PrPC to cholesterol-rich lipid 
rafts are reviewed in detail below.  
 

Prion diseases are a group of fatal 
neurodegenerative diseases that occur naturally in humans 
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and various other mammalian species. Prion diseases are 
unique, in that they can have either a sporadic, inherited or 
acquired aetiology, and the transmissible causative agent 
appears to be a misfolded conformer (named PrPSc ) of the 
normal cellular prion protein (11, 12). Prion diseases are 
transmissible both in nature and experimentally to other 
animals and to cultured cells in vitro, and are often 
characterized by the accumulation of a partially protease 
resistant prion protein conformer, known as PrPres. In the 
context of prion infection, studies have confirmed the 
presence of PrPC to be an absolute requirement for the 
development of disease (13-15). However, the role of the 
specific subcellular localization of each of the prion protein 
isoforms in prion diseases has not been conclusively 
established, and the possible implications of this are 
discussed herein. 

 
3. LIPID RAFTS 
 

The plasma membrane (PM) surrounding 
mammalian cells is a continuous lipid bilayer composed of 
hundreds of different sphingolipids, phospholipids and 
cholesterol. It provides a differentially permeable barrier 
for regulated passive and active transport of molecules into 
and out of the cell. Importantly, cellular lipid membranes 
are structurally dynamic, continually allowing adaptation in 
response to specific biological processes (16).  Lipid rafts, 
also known as membrane rafts, are specific membrane 
microdomains composed primarily of liquid ordered 
cholesterol and sphingolipid, which laterally assemble to 
form small platforms of varying size that “float” within the 
more liquid disordered phospholipid-rich regions of the PM 
(17, 18). Rafts may first assemble in the Golgi complex 
after synthesis of sphingolipids (19), and can be found in 
other cellular membranes, including those of the endocytic 
pathway (20, 21). 
 
3.1. Detergent resistant membranes  

Cellular membranes, when extracted in non-ionic 
detergent buffers at low temperatures (e.g. 0-4oC) can be 
fractionated into detergent soluble and insoluble 
components. Cellular phospholipids comprise the detergent 
soluble fraction, whereas the majority of sphingolipids and 
some cholesterol (i.e. the lipid components of rafts)  remain 
in the insoluble fraction (22); thus leading to the term 
‘detergent resistant membranes’ (DRMs). Extracted DRMs 
are also characterized by the capacity to ‘float’ to buoyant 
fractions when subject to density gradient fractionation. 
Interestingly, depending on the detergent used for DRM 
extraction, there can be substantial differences in the 
protein and lipid content of the isolated raft fraction (23). 
Rafts are therefore characterized biochemically by their 
resistance to solubilization in non-ionic detergents at low 
temperatures, although the end result of DRM extraction 
does not necessarily reflect the organization of membranes 
and the protein or lipid association in vivo. 
 

The physical nature of rafts, namely the 
enrichment of sphingolipids with their high melting 
temperatures and saturated acyl chains when mixed with 
cholesterol, facilitates raft association with a specific group 
of membrane proteins; that is, proteins which prefer an 

ordered environment such as the cholesterol-rich liquid-
ordered membrane phase (24). Glycosylphosphatidylinositol 
(GPI)-anchored proteins, some transmembrane proteins, and 
proteins acylated by myristate or palmitate all localize to rafts 
and can be recovered in DRMs (24-26).  
 
3.2. Cellular rafts 

Despite countless studies isolating DRMs from 
buoyant fractions of fractionated cells, there has been some 
debate as to whether membrane rafts actually exist in cells.  
That is, the presence of DRMs in fractionated cells is not 
absolute proof of in vivo raft domains.  However, the 
decades of biochemical, microscopy, biophysical, cellular 
biological and proteomics studies have now provided 
enough evidence such that it is generally agreed that rafts 
are heterogeneous in nature, may exist as relatively stable 
or transient domains, and are very small, only 10-200nm in 
size (27).  It also appears that small membrane rafts, upon 
stimulation or antibody cross-linking, may cluster together 
to form larger platforms, playing a role in bringing together 
proteins, for example those that are functionally related, so 
they can interact on the cell surface (18). Further, it is 
hypothesized that this clustering is specifically activated 
through protein-protein or protein-lipid interactions (28). 
One example of this clustering occurs in caveolae, a subset 
of rafts characterized as small surface invaginations or 
dimples which form when the raft associated protein 
caveolin is brought together by raft clustering, thus 
allowing polymerization of the caveolin, driving the 
dimpling process and resulting in endocytosis (18).  
 

Due to the types of proteins identified as 
associated with DRMs, the formation of membrane rafts 
has been implicated in numerous cellular functions 
including signal transduction (29), membrane sorting and 
cell polarization (30), and cell fusion (31). As mentioned 
above, specific rafts may play a role in endocytic sorting. 
Not only does endocytosis occur through the caveolae 
subset of rafts, but in cells devoid of caveolin and 
morphological caveolae, there is still raft dependent 
endocytosis (reviewed in (32)). Further, there is evidence 
that for some proteins, endocytosis mediated through 
clathrin-coated pits may also be dependent on lipid-rafts 
(33-35). Lipid rafts also function in cellular signaling, 
whereby raft localization and/or clustering concentrates 
receptors to an environment of ligands, kinases and 
phosphatases which act in specific signaling cascades.  
Various proteins and receptors involved in cellular 
signaling have been localized to lipid rafts, and disruption 
of rafts, for example through cholesterol depletion or 
sequestration, impacts on signaling pathways (29). Rafts 
appear to be particularly important in immune (36) and 
central nervous system (37) cell signaling and sorting. 
 
4. PRION PROTEIN LOCALIZATION AND 
TRAFFICKING 
 

Following synthesis, immature PrPC undergoes a 
number of post-translational modifications, and follows a 
cellular pathway similar to other cell surface or secreted 
proteins (38) (see Figure 2).  More specifically, following 
synthesis into the endoplasmic reticulum (ER), PrPC 
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Figure 1.  Mammalian PrPC conserved features. Schematic representation of the mammalian prion protein (human PrPC 
numbering); conserved N-terminal (blue) and C-terminal glycosylphosphatidylinositol anchor (blue and pink) signal sequences, 
six residue positively charged polybasic region (yellow), copper binding octapeptide repeat region (green), hydrophobic core 
(red), aromatic palindrome YYR motif (orange), asparagine-linked glycosylation sites (grey globular shapes), and an 
intramolecular disulphide bond (S-S) are highlighted. The N-terminal lipid-raft targeting domain (residues 34-90) and central 
neurotoxic / amyloidogenic domain (residues 106-126) are also indicated.  

 
undergoes cleavage by signal peptidase to remove the N-
terminal signal peptide, partial N-linked glycosylation with 
addition of simple sugars at two asparagine (N) residues in 
the C-terminal half of the protein (39), formation of a 
single intramolecular disulphide bond (40), and cleavage of 
the C-terminal signal peptide resulting in attachment of a 
GPI anchor (41, 42) (see Figure 1).  PrPC is then directed to 
the Golgi where the glycans are modified to more complex 
oligosaccharides (43).  The majority of this mature PrPC 
continues to the cell surface, retaining its GPI anchor.  The 
specific membrane environment where PrPC resides at the 
cell surface is likely to be important, not only in the normal 
biological functions of the protein, but also in the prion 
disease process, as it may influence any direct interactions 
of PrPC with the disease associated isoform, PrPSc.   
 
4.1. GPI anchor attachment to lipid rafts 

When the C-terminus of a protein is lipidated via 
phosphoethanolamine attaching to an oligosaccharide-
linked phosphatidylinositol lipid, it is said to possess a GPI 
anchor (44).  Early studies of the cellular and disease 
associated prion proteins determined both to be attached to 
cellular membranes via a GPI anchor, which was sensitive 
to cleavage by phosphatidylinositol-specific phospholipase 
C (PIPLC) (4).  A later study identified serine 231 as the 
site of  phosphoethanolamine attachment, which links to a 
core tetrasaccharide, with the glucosamine component of 
the core linking to the headgroup of phosphatidylinositol 
(41) .   
 

Like many other GPI-anchored proteins, PrPC has 
been shown to associate at steady state levels 
predominantly with DRMs including lipid rafts and 

caveolae-like domains (CLD), the latter of which have a 
lipid composition similar to caveolae but lack the caveolin-
1 protein (45-48). Due to the detection of mature PrPC in 
these DRMs (i.e. after the N-linked glycans have been 
modified to more complex oligosaccharides), the 
localization of PrPC to rafts is thought to occur as the 
protein traverses the Golgi. Additionally, there is evidence 
that immature PrPC may localize to cholesterol-rich DRMs 
earlier in the secretory pathway, in the ER (49).  The 
authors suggested that this may have implications for PrPC 
biosynthesis and protein folding, as depletion of cholesterol 
slowed the maturation of PrPC and led to an association (as 
assessed by co-immunoprecipitation) with various ER 
chaperones (49).  However, whether this early association 
of PrPC with DRMs was exclusively via a GPI-attachment 
or through another means, for example N-terminal targeting 
(see below), was not established.  Importantly, PIPLC 
treatment of cultured cells results in the accumulation and 
detection of PrPC in culture medium with a simultaneous 
loss of cell associated PrPC  (4), indicating that a large 
proportion of PrPC is localized via its GPI anchor at the cell 
surface.  Further, in some cell lines which express caveolin 
and have morphological caveolae, PrPC has been detected 
at the cell surface localized within these raft domains (50-
52).  
 
4.2. N-terminal targeting to rafts 
 Although PrPC associates with lipid rafts through 
a GPI anchor, a number of cell-free studies demonstrated 
that PrPC could interact with sphingolipid- and cholesterol-
rich model membranes in a GPI-independent manner (53-
55), with one study identifying the flexible N-terminus of 
PrP as crucial to this interaction (54). Subsequent cell based 
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experiments utilizing cells expressing various PrPC 
constructs mutated such that they were no longer GPI-
anchored, confirmed that the N-terminus of PrPC between 
residues 23-90 contains a raft targeting determinant (56). 
The far N-terminus of mature mammalian PrPC is highly 
conserved (10), and contains a positively charged polybasic 
region between residues 23-28 (-KKRPKP-) immediately 
following the N-terminal signal peptide (Figure 1). This 
region is known to bind glycosaminoglycans (GAGs) (57, 
58), the long polysaccharide chains covalently linked to the 
protein core of proteoglycans. Critically, in the context of 
lipid raft targeting, we determined recently that the major 
neuronal heparan sulphate proteoglycan, GPI-anchored 
glypican-1, was involved in the recruitment and 
stabilization of PrPC in lipid rafts (59). 
 
4.3. PrPC endocytosis 

Internalization of PM proteins can occur by 
distinct mechanisms, broadly described as clathrin-
dependent and independent.   Endocytosis through clathrin-
coated pits, involves the assembly of clathrin, a large 
oligomeric protein, into lattice structures on the inner 
surface of the PM, assisting membrane invaginaton to form 
the coated pits.  These ‘pits’ then have the ability to pinch 
off and form vesicles, which can traffic to and fuse with 
other intracellular organelles (60). Generally, this 
mechanism supports the internalization of transmembrane 
proteins, which localize in pits through association of their 
cytoplasmic domain with cytoplasmic clathrin-pit-
accessory proteins (61).  Somewhat surprisingly then, given 
the lack of a transmembrane or cytoplasmic domain in the 
majority of PrPC topological variants, PrPC has been shown 
to be present at the cell surface in these structures (62-64), 
and experimental evidence has shown that PrPC does cycle 
between the plasma membrane and early endosomes via a 
clathrin coated pit dependent pathway (63-65).  
Importantly, there is evidence to suggest that for PrPC to be 
internalized in this classical clathrin-mediated manner it 
must first translocate out of the lipid raft membrane region, 
which occurs upon Cu2+ binding to the protein (66). Then 
this non-raft localized PrPC is rapidly endocytosed through 
an interaction involving the polybasic region of the N-
terminus (65, 66) (Figure 1), with an adaptor protein. One 
such protein has been identified as the transmembrane low-
density lipoprotein receptor-related protein-1 (LRP1) (67, 
68), although others may exist. 
 

As previously mentioned, PrPC also localizes 
within caveolae and CLDs.  Further, it is well established 
that in a clathrin-independent manner, caveolae can be 
endocytosed, and this has been shown to provide a 
mechanism for the internalization of PrPC molecules and 
cycling to late endosomes and lysosomes (51).  Previously 
it has been difficult to reconcile these different modes of 
PrPC endocytosis, and it has been assumed that the manner 
of PrPC internalization is largely influenced by the cell type 
studied.  However, evidence that clathrin coated pit and 
lipid-raft mediated endocytosis are not necessarily mutually 
exclusive in the internalization of other proteins (33-35), 
lends to the possibility of a similar scenario for PrPC 
internalization. Indeed, a recent study found that the 
capacity for PrPC internalization was reduced with either 

lipid raft disruption or inhibition of clathrin-mediated 
endocytosis within a cell line, but was only completely 
abolished when cells were treated such as to simultaneously 
disrupt both pathways (69), indicating that even within a 
single cell there may be different pathways of PrPC 
internalization. Figure 2 provides a summary of PrPC 
endocytosis. 
 

Evidence from kinetic studies suggests that PrPC 
turnover in neuronal cell lines is rapid, with a half-life of 
approximately five hours (43, 70), and in primary cultures 
of neuronal and lymphoid cells, turnover is even more rapid 
(71).  PrPC can be degraded through the endosomal-
lysosomal pathway (72) and approximately 10% of wild 
type PrPC is subject to retrograde transport through 
endoplasmic reticulum associated degradation (ERAD), 
probably because it has been incorrectly processed, and is 
degraded via the proteasome (73).  PrPC has also been 
identified in the conditioned media of cultured cells, as well 
in human cerebrospinal fluid (74), providing evidence of 
PrPC shedding from the cell surface into the extracellular 
space. This soluble extracellular PrPC has been 
characterized as no longer having a GPI anchor, suggesting 
cleavage either within (by a phospholipase) or immediately 
adjacent to (by a protease) the GPI moiety (71, 75, 76).  
Recently, we demonstrated that PrPC was shed from cells 
through the action of the zinc metalloprotease ADAM10, 
cleaving the Gly-Arg bond just upstream of the site of GPI 
attachment (77). Extracellular PrPC has also been found in 
association with exosomes (78, 79), membrane bound 
vesicles contained within the ‘lumen’ of multivesicular 
bodies (MVB), expelled from the cell with the fusion of the 
MVB with the plasma membrane (80). As exosomes have a 
lipid composition, detergent insolubility and buoyant 
density which is similar to lipid rafts, and contain lipid raft 
marker proteins (reviewed in (81, 82)), it is possible that 
PrPC secreted from the cell by this process, is 
fundamentally still lipid raft associated.   
 
5. LIPID RAFTS AND PrPC FUNCTION 
 

The exact cellular function of the prion protein is 
presently unknown, although experimental evidence has 
suggested a number of potential roles. Surprisingly PrPC 
knockout mice appeared normal, with no overt phenotypic 
abnormalities (83-85), suggesting that PrPC could be 
functionally redundant. However, further more 
comprehensive analysis of PrPC knockout mice and derived 
cell lines has implicated the cellular prion protein in a 
variety of biological functions.   
 
5.1. PrPC endoproteolytic processing 

Like many structural and functional classes of 
proteins (86), PrPC undergoes post-translational 
endoproteolytic cleavage. Endogenous N-terminally 
truncated PrPC fragments have been identified in cultured 
cells, and importantly also in vivo. These PrPC species 
remain glycosylated and GPI-anchored like the full-length 
protein (87, 88), and because of retention of the GPI anchor 
are most likely still membrane raft associated. The 
predominant cleavage, alpha-cleavage, occurs at residues 
111 or 112 (human PrPC sequence nomenclature) (87) 
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Figure 2.  Trafficking and localization of the cellular PrPC. PrPC (blue square) is synthesized in the ER (A) and is trafficked 
through the Golgi (B) to the cell surface where it resides in the plasma membrane (C) predominantly in lipid raft domains 
(orange) (D). PrPC endocytosis can be mediated via clathrin coated pits (green) (E) or caveolae (yellow) (F), and PrPC can be 
transported back to the cell surface via recycling endosomes (brown) (G). 

 
producing C1.  PrPC beta-cleavage occurs around the C-
terminus of the octapeptide repeat domain (89, 90), 
producing C2, which is found at low levels in normal 
human (87, 88, 90) and cultured cells (89). The 
corresponding N-terminal fragments, N1 and N2, can also 
be detected, both in cell lysates and conditioned media (89, 
91). 
 

These endoproteolytic cleavages of PrPC may 
result in membrane-bound and soluble fragments with 
biological functions distinct from the full-length protein 
and to each other. Furthermore, the specific subcellular 
localization of the different PrPC N- and C-terminal species 
may influence these functions. As already mentioned, the 
N-terminus of PrPC is required for its translocation out of 
lipid rafts and internalization via clathrin coated pits, 
therefore endoproteolytic cleavage to remove the N-
terminus is likely to shift its trafficking pathways and 
mechanisms relative to the full length protein. This may be 
particularly relevant, given that often such a high 
percentage of PrPC is N-terminally truncated (92), and that 
alpha-cleavage has recently been shown to occur before the 

protein reaches the cell surface, in a late stage of the 
secretory pathway, independent of PrPC lipid raft 
localization (93). Conceivably this lack of the important N-
terminal polybasic/raft targeting/co-factor binding domain 
in C1 as it traffics to the cell surface could result in 
localization to different membrane rafts relative to the full 
length protein, which may have subsequent implications. 
 

There is some experimental evidence to suggest 
separate functions for the different PrPC species.  Some 
results indicate that the alpha-cleavage event produces 
biologically active fragments, with C1 being pro-apoptotic 
and N1 being protective against staurosporine treatment in 
a p53-dependent manner, whereas C2 and N2 are inert (94, 
95). Conversely, it is known that PrPC beta-cleavage occurs 
at the cell surface and is carried out by reactive oxygen 
species (ROS) (96, 97), and neuronal cells expressing PrPC 
which has been mutated such that it is no longer subject to 
ROS-mediated beta-cleavage are more sensitive to 
oxidative stress (97), indicating that this cleavage event is a 
protective mechanism.  In agreement with this, a separate 
study utilizing synthetic peptides representing the N2 
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fragment and its different domains found N2 was protective 
against oxidative stress when it contained an unmodified 
polybasic motif and was bound to Cu2+ (98). Interestingly, 
the protective effect appeared to be mediated through a 
proteoglycan binding partner found within, or at least 
requiring, intact lipid rafts. 
 
5.2. Cellular signaling 

The possibility of PrPC involvement in cellular 
signaling was raised due to its ubiquitous expression and 
localization at the cell surface, especially in lipid raft 
domains which have long been recognized as signaling 
platforms (99).  PrPC is involved in signal transduction in 
T-lymphocytes, particularly in T-cell activation (100, 101), 
which is dependent on its lipid raft localization (102). 
Further, it has been shown that PrPC cross-linking in 
lymphocytes leads to mitogen-activated protein kinase 
(MAPK) and consequently extracellular signal regulated 
kinase 1/2 (ERK1/2) activation (103).  Similarly, antibody 
mediated clustering of cell surface PrPC in neuroectodermal 
progenitor and differentiated cells, and other neuronal and 
non-neuronal cells resulted in ERK1/2 activation (104-
106), which was shown to occur through nicotinamide 
adenine dinucleotide phosphate (NADPH)-oxidase 
stimulation of ROS and in some cells a signaling cascade 
involving Fyn kinase (105, 106). Interestingly, a recent 
study highlighted a relationship between PrPC alpha-
cleavage with the MAPK/ERK signaling pathway, which 
was dependent on membrane raft integrity (107).  Finally, 
PrPC has been shown to bind synapsin Ib and Grb2, 
proteins both involved in neuronal signaling (108).   

 
There are data which indicate that the PrPC linked 

signaling and neuroprotection functions (see also sections 
5.1 and 5.3) may be somewhat concomitant.  Stress-
inducible protein 1, which binds to PrPC between residues 
113-128, stimulated a PrPC-dependent neuroprotective 
response in the neuroblastic layer of cultured retinal cells, 
through activation of the cyclic adenosine monophosphate 
(cAMP)-dependent protein kinase pathway (109, 110). 
Further, there is the suggestion that the changes observed in 
signaling proteins in PrPC knockout mice are a 
compensatory mechanism to maintain cell survival, related 
to the loss of the antioxidant function of PrPC (111). 
However, conflicting results, showing antibody mediated 
cross-linking of PrPC in vivo triggers apoptosis in 
hippocampal and cerebellar neurons (112), provokes 
questions as to whether alternative PrPC membrane 
localizations (for example, in specific raft subsets), and 
therefore accessibility to different resident binding partners 
and ligands, can promote different signaling pathways. 

 
5.3. Neuroprotection 

As mentioned in section 5.1, PrPC may also have 
a role as an antioxidant, which appears to be related to the 
beta-cleavage event and production of the N2 fragment.  In 
addition to the cell based studies already mentioned, in vivo 
studies have shown similar findings. Mice devoid of PrPC 
have an increased susceptibility to oxidative stress (111, 
113, 114), and in PrPC knockout mice (compared to wild 
type mice), the peripheral organs as well as the central 
nervous system showed marked increases in lipid 

peroxidation and protein oxidation, and decreased catalase 
activity (114), all indicators of oxidative stress. There is 
also evidence that the antioxidant and other related 
protective effects of PrPC are more specific to its neuronal 
expression (111, 115).  The prion protein has been found to 
behave in a superoxide dismutase (SOD)-like manner, 
dependent on copper binding to the octarepeat region, 
specifically during and not subsequent to, protein folding 
(116).  Moreover, cytosolic SOD-1 activity was lower in 
PrPC-deficient mice compared to wild-type mice, and 
presumably as a compensatory mechanism, the activities of 
‘other-SODs’ were increased (111).  However, there is 
conflicting evidence that shows PrPC expression levels 
have no effect on SOD-1 activity in cultured cerebellar 
neurons and in vivo (117, 118), and that recombinant PrP 
does not possess any SOD-1 activity (119).  Interestingly 
though, the murine prion protein gene, Prnp, shares a 
number of features with other mouse SOD genes (120), and 
is up-regulated as part of a cellular stress response (121, 
122).  Ultimately, as oxidative damage generated by ROS 
can be catalyzed by the presence of metals, putative anti-
oxidant functions of PrPC may relate to its metal binding 
affinities, likely influenced by protein conformation and 
localization within specific lipid environments, and 
interactions with local binding partners within these 
environments. 
 
5.4. PrPC and copper 

PrPC has two putative copper binding regions, 
one in the octapeptide repeat sequence (113, 123-126), and 
another in the neurotoxic and amyloidogenic region 
between residues 106 to 126 (human PrPC numbering) 
(127, 128) (see Figure 1), implicating a possible role for 
PrPC in copper metabolism, homeostasis or transport.  As 
mentioned earlier, it is known that copper binding to PrPC, 
dependent on an intact octarepeat region, results in lateral 
movement of PrPC out of lipid rafts (66) and internalization 
of the protein (129, 130) through a clathrin-dependent route 
(63, 65).  Therefore, PrPC could function to internalize 
copper, which once liberated is available for use by other 
cupro-proteins.  Alternatively, given the multitude of 
possible trafficking pathways and cellular environments 
where it can be found (see Figure 2), PrPC could transport 
copper directly to or from specific intracellular proteins, 
cellular compartments or environments. In support of PrPC 
functioning in copper transport is the finding that copper 
uptake and PrPC expression levels correlate in mouse 
cerebellar cells (131).  However, there is some evidence 
that argues against copper transport being a predominant 
function of PrPC.  This includes data indicating that in cell 
cultures with doxycycline-controlled levels of PrPC 
expression that PrPC does not traffic copper from the 
extracellular space into the cell at physiological 
concentrations (132), and the unaltered levels of ionic 
copper in the brains of mice with a range of PrPC 
expression levels (117).  
 
5.5. Other putative PrPC functions 

PrPC has also been implicated in a variety of 
other physiological roles, including an involvement in 
normal synaptic function and long-term potentiation (133-
139), and regulation of normal sleep patterns (111, 140, 
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141).  Importantly we reported that PrPC is involved in the 
regulation of the beta-secretase BACE-1 which is 
responsible for cleavage of the Alzheimer’s disease (AD) 
amyloid precursor protein (APP) in the generation of the 
pathogenic amyloid-beta peptide (142). Raft-association of 
PrPC was required for its inhibitory action on BACE-1, as 
neither a transmembrane-anchored construct that is no 
longer associated with rafts nor a soluble construct lacking 
any type of anchoring domain was effective. More recently 
it has been reported that oligomers of the amyloid-beta 
peptide bind to the charged cluster region (residues 95-110) 
of cell surface PrPC and affect synaptic plasticity (143) and 
that expression of PrPC is controlled by the APP 
intracellular domain, AICD (144). These studies all 
implicate PrPC in the pathogenesis of AD (reviewed in 
(145).  Although it might not seem possible for a single 
protein to have so many functions as described above, it 
may be that the specific biological role of PrPC will differ, 
and be entirely dependent on, the cell type in which it is 
expressed, the precise localization within the cell, including 
the different plasma membrane environments, and/or the 
ratio or differential expression of any processed variants of 
the wild-type protein. 
 
6. LIPID RAFTS IN PRION DISEASE 
 

The expression of PrPC is an absolute 
requirement for development of prion disease and a key 
event in prion diseases is the conversion of alpha-helical 
PrPC into the beta-sheet disease-associated PrPSc isoforms. 
Experimental data supports that the conversion process is 
facilitated by another protein or proteins or other ancillary 
factor(s). Some studies have shown that PrP-lipid 
interactions can influence PrP conformation (53, 146, 147), 
therefore the PrP lipid environment has the potential to 
influence the PrPC to PrPSc conversion process.  One 
hypothesis states that potential molecular chaperones which 
might mediate PrPC unfolding to allow, for example, 
biologically relevant endogenous cleavage, could have an 
inadvertent second function in the conversion process 
(148).  There is evidence for the participation of a species-
specific macromolecule, posited to be a protein (designated 
‘protein X’) (149-151).  There is also evidence to support 
the involvement of negatively charged macromolecules 
such as nucleic acids (152-156) or GAGs (157-159). 
Significantly, our recent finding that reducing levels of the 
GPI-anchored proteoglycan glypican-1 results in a decrease 
in the amount of protease resistant PrPSc detected in 22L-
scrapie infected mouse neuroblastoma (ScN2a) cells (59) 
ties together some of this previous evidence. That is, 
glypican-1 may act as a co-factor in the conversion of PrP, 
perhaps by bringing together PrPC and PrPSc isoforms as 
evidenced by the co-immunoprecipitation of glypican-1 
with both isoforms (59). Although a similar study utilizing 
a different cell line (RML-scrapie infected mouse 
hypothalamic cells, ScGT1-1) observed the opposite effect, 
with reduction of glypican-1 increasing levels of PrPSc 
(160), these contrasting results may reflect differences due 
to cell line PrPC and PrPSc strain specific interactions.  This 
is not an unreasonable assumption due to the known varied 
expression and glycosylation profiles of PrPC in different 
cell types (92, 161), along with strain specific PrPres 

profiles, (162-164) which may reflect slightly different 
PrPSc conformations (165-168), and evidence that 
conversion is more favorable when PrPC and the prion 
strain have similar glycosylation states (169, 170).    
 
6.1. Sites of PrPC to PrPSc conversion 

There is much importance in trying to determine 
the site and mechanism of conversion of PrPC to PrPSc, as 
inhibition of conversion is an obvious potential therapeutic 
option.  Unlike PrPC, the disease associated PrPSc 
conformers localize predominantly intracellularly, in late 
endosomes, multivesicular organelles, lysosomes or 
lysosome-like structures (171-177), perhaps in lipid raft 
domains within these organelles (48). Nevertheless, PrPres 
has been shown to localize at the cell surface (177, 178), 
and importantly in plasma membrane (45) and endocytic 
pathway (48) DRMs. The mechanisms of internalization of 
PrPSc are not well understood, although recent evidence 
suggests the possibility of endocytosis through an 
association with clathrin coated pits (177). Due to the 
varied cellular localization of PrPC and PrPSc / PrPres, there 
are a number of different possible sites of conversion 
(summarized in Figure 3).  
 

One plausible site of conversion is at the cell 
surface.  This may be particularly true for cases of 
transmitted prion disease where a misfolded prion 
conformer would initially not be produced endogenously, 
notwithstanding the possibility of internalization of 
exogenously introduced PrPSc and conversion within a 
cellular compartment.  However, two studies have shown 
that for conversion and propagation of infectivity to occur, 
the infectious agent does not necessarily need to be ‘free’, 
strongly suggesting initiation of conversion of PrPC at the 
cell surface (179, 180).  The first study utilized infectious 
prions adsorbed to steel wires as the infectious source in 
vivo and in vitro, and found infectious titers did not reduce 
upon multiple uses of the steel wires (179), suggesting that 
cellular infection required direct contact with the infectious 
prion, but did not depend on consumption or removal of the 
infectivity from the wire. Similarly, the second (in vitro) 
study found that glutaraldehyde fixation of infected cells 
prior to allowing direct surface contact with recipient cells 
did not abolish transfer of infection, although it did reduce 
efficiency (180), suggesting in this cell culture model there 
may be a trafficking pathway or intracellular compartment 
where conversion may be more efficient, or perhaps the 
fixation procedure adversely altered the structure or 
binding propensities (either to PrPC or other essential co-
factors) of the PrPSc on the donor cells. 
 

For conversion and propagation at the cell 
surface, the specific membrane localization is likely to be 
important.  As previously mentioned, PrPC and PrPres have 
been localized within DRMs, which presumably represent 
cellular lipid rafts, although interestingly these two PrP 
species are not necessarily in the same DRM (48).  It 
remains possible then that PrPC and PrPSc, and catalysts or 
participants in the conversion process, possibly other GPI-
anchored proteins which are enriched in these membranes 
(such as glypican-1, see above) or other cellular factors 
which are recruited to rafts by ligand binding, may be 
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Figure 3.  Possible sites of PrPC to PrPSc conversion and propagation. (A) Initiation of conversion at the cell surface after direct 
contact between uninfected and infected cells.  (B) Lipid raft clustering, enabling interaction of otherwise separated PrPC and 
PrPSc. (C) Non-raft associated PrPSc promoting conversion of contiguous raft associated PrPC. (D) Conversion of PrPC to PrPSc in 
endocytic vesicles.  Mode (A) is represented by lipid raft associated PrP, but could involve non-raft associated PrP. Mode (B) 
highlights conversion at the cell surface, but could occur intracellularly in vesicles known to contain raft-associated proteins.  

 
brought together by a specific raft clustering event, thus 
allowing interaction and template directed conversion of 
PrPC to PrPSc at the cell surface.  Further, experimental 
evidence has shown that lovastatin, a compound known to 
diminish cholesterol levels and therefore potentially 
disorder cholesterol-rich domains, inhibited PrPSc 
formation (62).  However, there are some conflicting 
results which indicate that PrPC GPI-anchored within lipid 
rafts in vitro is resistant to conversion, with PrPC needing to 
be free of its GPI anchor, or that there be movement of 
PrPC and PrPres into adjoining membranes, for efficient 
conversion (47). Moreover, when rafts were depleted of 
their sphingolipid component, the conversion rate of PrPC 
was increased (181), suggesting at least in this model that 
disruption of rafts increases conversion, i.e. that raft 
localization protects against conversion. Interestingly, mice 
expressing GPI-anchorless PrPC (in place of normal GPI-
anchored PrPC), which is secreted by cells (182) although 
appears to be able to associate with DRMs (183), are still 
susceptible to prion infection. Transgenic mice 
heterozygous for GPI-anchorless PrPC produce GPI-
anchorless PrPres and harbour high titres of prion infectivity 
(182), whereas mice homozygous for the transgene and 

therefore expressing higher levels of GPI-anchorless PrPC 
than the heterozygous mice, develop a unique clinical 
symptomology and neuropathology after prion infection 
which is directly related to the GPI-anchorless state of PrPC 
(184). Furthermore, cultured cells expressing the same 
GPI-anchorless PrPC permit conversion to GPI-anchorless 
PrPres in the short-term but do not remain persistently 
infected and propagating PrPres (185), with the authors 
suggesting that in vivo perhaps ongoing conversion leading 
to the distinctive disease is occurring extracellularly.  
Nevertheless, whichever scenario is considered, these 
results all underscore the influence of PrPC and PrPSc 
localization on prion conversion and the pathogenesis of 
prion disease. 
 

Raft-mediated conversion as described above 
could also occur intracellularly, as not only do lipid raft 
domains exist in vesicles of the endocytic pathway, but 
membrane rafts and raft clustering may be crucial to the 
endocytosis of PrP conformers. PrPC has been localized to 
vesicles of the endosomal and lysosomal pathways, and 
PrPres is known to accumulate in both late endosomes and 
lysosomes.  Therefore, another location of conversion from 
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Figure 4. Proposed mechanisms of cell-to-cell spread of prion infectivity. (A) Prion transmission through direct cell-to-cell 
contact (conversion of recipient PrPC without internalization of donor PrPSc). (B) Transmission of prions through exosomal PrPSc 
association; both a direct interaction of exosome-associated PrPSc with cell-associated PrPC and incorporation of exosomal 
membrane with recipient cell membrane are represented.  (C) C-terminal truncation of PrPSc allowing release from an infected 
cell and movement to an uninfected recipient cell.  (D) “GPI-painting” mode of prion transfer.  (E)  PrPSc spread through 
tunnelling nanotubes, in association with small vesicles of lysosomal origin.  Mode (A) is represented by lipid raft associated PrP, 
but could involve non-raft associated PrP. Mode (D) is depicted by transfer of cell surface PrPSc, but could potentially occur with 
exosomal PrPSc. 

 
PrPC to PrPSc is postulated to be shortly after 
internalization, during an endocytic process.  Evidence for 
this was provided when researchers found that a more 
acidic pH, similar to that observed in late endosomes or 
lysosomes, promoted the conformational change of PrPC to 
a more detergent insoluble (i.e. PrPSc-like) form (186) and 
changed recombinant PrP from predominantly alpha-helical 
to beta-sheet (187, 188). In addition, researchers have 
inhibited PrPres production through lowering the culturing 
temperature to 18oC and thereby slowing the rate of PrPC 
endocytosis (189). Similarly, others have shown through a 
different method of disrupting PrPC traffic to the cell 
surface and therefore preventing normal passage through 
the endosomal / lysosomal pathway, that PrPres production 
after exposure to scrapie was inhibited (72).   Finally, 
through the use of selective inhibitors and siRNA 
treatments, researchers have found that at least a proportion 
of conversion occurs not in early or late endosomes, but 
more specifically in recycling endosomal compartments 
(190). However, these in vitro data do not completely 

eliminate the possibility of early stage conversion events, 
perhaps to intermediate protease sensitive molecules, 
occurring at the cell surface prior to internalization where 
the intermediate then acquires protease resistance and 
propagates further. Nevertheless, overall these data suggest 
that the conversion process may be most efficient in acidic 
environments, such as that provided by vesicles of the 
endosomal / lysosomal pathway, and therefore 
internalization of the PrP conformers might be crucial for 
ongoing propagation of prions.  
 
6.2. Cell-to-cell prion transmission 

Mechanisms of prion spread, including 
trafficking and release of disease associated PrP 
conformers from the cell have been proposed, and are 
summarized in Figure  4. As eluded to in section 6.1, one 
way in which the spread of prions may occur is through 
direct contact between cell surface PrPSc on an infected cell 
and PrPC on a naïve cell, with initiation of conversion at the 
cell surface, or internalization of the donor cell PrPSc. 
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Linked to its intracellular endosomal or multivesicular 
body localization is the presence of PrPres extracellularly, 
packaged in exosomes (78, 79), thereby secreted from the 
cell, and providing a mechanism of cell-to-cell spread of 
infectivity.  In contrast tunnelling nanotubes (TNTs), actin 
containing membrane bridges which form between cells as 
a mode of communication and exchange, and allow 
movement of molecules along their surface and internally 
within small vesicles of mostly endosomal or lysosomal 
origin (191), were speculated to provide a means of prion 
transmission based on the co-localization of PrPSc with 
lysosomal marker positive small neuritic vesicles (192). 
More recently, TNTs were conclusively shown to support 
the traffic of PrPC as well as exogenous and endogenous 
PrPSc between various cell types of both neuronal and non-
neuronal origin (193). Interestingly this report found that 
under conditions where exosomal spread of prions was 
made impossible, efficient transmission of PrPSc (through 
TNTs) still occurred.  Separate to vesicular release of 
disease associated PrP, approximately 15% of PrPres 
purified from hamster brain was found to be C-terminally 
truncated to residue 228 (41). It remains possible that in 
vivo some of this truncation may arise from cleavage and 
release of plasma membrane associated PrPres, perhaps 
through a phospholipase- or protease-like activity, 
providing another potential mechanism for cell-to-cell 
transmission. Transmission of infectious prions to recipient 
cells is also suggested to be possible via a process of “GPI-
painting”, whereby GPI-anchored PrPSc would transfer 
from one cell to another by re-inserting into the recipient 
plasma membrane whilst retaining normal function (47).  A 
GPI-painting model of prion cell-to-cell transmission 
would therefore require the release of intact GPI-anchored 
PrPSc from the infected cell or possibly from exosomes, by 
a mechanism not yet identified. GPI-painting has been 
shown to occur in vitro (194) and in vivo (195) for proteins 
unrelated to PrP, and GPI-anchored proteins that re-insert 
into the plasma membrane can reorganize into membrane 
microdomains such as rafts (196).  
 

The overall efficiency of cell-to-cell prion spread 
and therefore prion propagation would conceivably depend 
on the localization of PrPSc and the efficiency of these 
different proposed transmission mechanisms, and, similar 
to the possible sites of conversion and replication, are likely 
influenced by specific host cell-prion strain combinations. 
 
7. CONCLUSIONS AND PERSPECTIVES  
 
 There is a large and increasing body of evidence 
implicating the membrane microenvironment, particularly 
cholesterol- and sphingolipid-rich lipid rafts, in both the 
normal cellular processing and functions of PrPC, as well as 
its conformational conversion to the disease isoform. This 
field is not without controversy, due mainly to the 
limitation of techniques to study rafts in situ. The most 
widely used technique to study rafts involving their relative 
resistance to solubilization with detergents is not without its 
pitfalls but, together with other fractionation and imaging 
techniques, has clearly shown that rafts, or components 
therein, are critically involved in the function and 
conformational conversion of PrPC. Not only because of its 

GPI anchor but also due to a raft targeting determinant in 
its N-terminal region, PrPC associates with these membrane 
microdomains. The recent identification of glypican-1 as 
targeting PrPC to rafts and facilitating conversion to PrPSc 
opens up new avenues for prion research and may, in part, 
explain the therapeutic effects of heparin and other GAG 
mimetics in prion disease. Further analysis of the molecules 
within rafts that PrPC and PrPSc interact with will 
undoubtedly provide additional openings for prion biology 
researchers. 
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